Plateau (SETP) in response to climate change, pose significant threats to the downstream lives and 16 properties of people, engineering construction, and ecological environment via outburst floods, yet 17 we currently have limited knowledge of their distribution, evolution, and the driving mechanism 18 of rapid expansions due to the low accessibility and harsh natural conditions. By integrating 19 optical imagery, satellite altimetry and digital elevation model (DEM), this study presents a 20 regional-scale investigation of glacial lake dynamics across two river basins of the SETP during 21
In total 1278 and 1396 glacial lakes were inventoried in 1988 and 2013, respectively. 23
Approximately 92.4% of the lakes in 2013 are not in contact with modern glaciers, and the 24 remaining 7.6% includes 27 (1.9%) debris-contact lakes (in contact with debris-covered ice) and 25 80 (5.7%) cirque lakes. In categorizing lake variations, we found that debris-contact proglacial 26 lakes experienced much more rapid expansions (~75%) than cirque lakes (~7%) and 27 non-glacier-contact lakes (~3%). To explore the cause of rapid expansion for these debris-contact 28 lakes, we further investigated the mass balance of parent glaciers and elevation changes in 29 lake surfaces and debris-covered glacier tongues using time-series Landsat images, ICESat 30 altimetry, and DEM. Results reveal that the upstream expansion of debris-contact proglacial lakes 31
was not directly associated with rising water levels but with a geomorphological alternation of 32 debris-free ice and debris-covered glacier tongues were mapped separately. For the former, 153 debris-free masks generated from segmentation of multi-temporal Normalized Difference Snow 154 Index (NDSI) images were mosaicked to ensure minimum glaciated area (excluding seasonal 155 snow cover). As the debris-covered glacier tongues show very low PALSAR coherence and have 156 relatively gentle slopes, the potential glacier tongues covered with supraglacial debris were 157 extracted by overlaying segmented coherence maps, a slope map and vegetation and water masks. 158
The vegetation and water masks were generated from normalized difference vegetation index 159 (NDVI) and normalized difference water index (NDWI) maps based on the same Landsat scenes, 160 respectively. Only debris-covered glaciated areas which were connected with debris-free ice were 161 selected as the final debris-covered glacier tongues. In compiling the new glacier inventory, most 162 thresholds used for the segmentation were based on histogram distributions of image values, and 163 most of the processing steps were semi-automated and pixel-based (Ke et al., 2016) . The 164 generated glacier data has a high consistency with the recently published Randolph Glacier 165 Inventory (RGI) 5.0 inventory in the SETP (the version of RGI inventory has not been published 166 when our data were generated) (Nuimura et al., 2015). Through visual inspection by referring to 167
Landsat false-color composites, the debris-covered ice parts were separately identified and provide 168 valuable information for distinction of different types of glacier lakes in this study. Although there are a few data gaps in this version due to radar shadow and layover effects 177 associated with the InSAR techniques in generating the DEM, mostly over rather rugged 178 high-mountain terrain, almost no data gaps are observed over relatively flat terrains such as the 179 glacier tongues and surroundings where glacial lakes are distributed. The SRTM elevations are 180 orthometric heights with respect to the WGS-84 ellipsoid and the EGM 96 vertical datum. 181
Methods

182
Mapping glacial lakes
183
Lake mapping is a prerequisite for examining glacial lake distribution and temporal variations. (McFeeters, 1996) . Here we applied two steps to generate our glacial lake inventory. 189
In the first step, we adopted the automated water mapping scheme proposed by Li et al. for each glacial lake was conducted based on our lake mapping results from the two dates. 221
In the southeastern Tibetan Plateau, most glaciers are steep and there is a considerable turnover 222 between accumulation and ablation, thus few supraglacial lakes are observed. Only two 223 supraglacial lakes were identified in the 1988 image. According to the spatial relations with parent 224 glaciers, proglacial lakes include the lakes in contact with glaciers (termed as glacier-contact lake, 225 hereinafter) or not (non-glacier-contact lake). For these glacier-contact lakes, some are in contact 226 with debris-covered ice (termed as debris-contact lake) as many valley glaciers in the SETP have 227 long and relatively gentler tongues and thus tend to be covered or partially covered by debris; 228 others are located in steep-sided debris-free glacier cirques where no enough space favor the lake 229 enlargement (termed as cirque lake). The classification of all glacial lakes based on our mapped 230 glaciers and glacial lakes were further confirmed by referring to high-resolution Google Earth 231 images. The glacier extent generated in Section 3.1.3 was used as a mask to extract ICESat footprints as 243 on-glacier and off-glacier samples. The off-glacier footprints were limited within a 10 km buffer 244 outside glacier areas. Water bodies such as glacial lakes were excluded from the off-glacier extent. 
Spatial distribution characteristics of glacial lakes 254
A total of 1278 and 1396 glacial lakes larger than 0.0045 km 2 were identified in the two study 255
were not formed by glacial processes, such as Basongcuo Lake (earthquake-induced dammed lake) 257 and man-made reservoirs, were excluded in our analyses. 92.4% (1290) analyze the temporal evolution of each glacial lake during the study period. Table 2 Variations of lake area and count show differences between different groups ( Table 2 ). The 292 non-glacier-contact lakes constitute the majority of the total lake area and count in both dates. 293
However, the expanding percentages have large differences between the glacier-contact and 294 non-glacier-contact lakes. Of the 1267 co-existing glacial lakes, 1213 non-glacier-contact lakes 295 expand by 2.61% (1.94 km 2 ) in area, while 49 cirque lakes expand by 6.82% (0.36 km 2 ) and 15 296 debris-contact lakes expand by 74.77% (4.01 km 2 ). Most of the non-glacier-contact lakes, located 297 downstream, remain unchanged, and the total area of non-glacier-contact lakes larger than 0. respectively, which totally account for over half of area increase of the newly formed lakes. The 301 average size of new debris-contact lakes is 2-5 times larger than those of cirque lakes and 302 non-glacier-contact lakes. Additionally, 11 lakes disappeared during the study period, including 303 two supraglacial lakes on debris-covered ice and nine non-glacier-contact lakes, which cause a 304 total decrease of 0.22 km 2 in area. 305 Table 2 around here] 306
Exploring cause of the rapid expansion of debris-contact proglacial lakes 307
We have shown in Section 4.2 that debris-contact proglacial lakes experienced more rapid 308 expansion than the other two lake types. Here one typical example is provided to further illustrate 309 the contrast between non-glacier-contact and debris-contact lakes. Two large glacial lakes are 310 highlighted in Figure 4 . Both lakes receive a large amount of glacial meltwater, and have outlets 311 and outflow river channels clearly visible in Google Earth imagery. However, the debris-contact 312 lake experienced a considerable expansion by 206% (0.37 km 2 ) from 1988 to 2013, while the 313 non-glacier-contact lake remained nearly unchanged (1.58 km 2 in 1988 to 1.52 km 2 in 2013). 314
[Insert Figure 4 around here] 315
In order to investigate the evolution and driving mechanism of debris-contact proglacial lakes, we 316 selected one glacial lake in contact with debris-covered ice near Mount Kona Kangri in the eastern 317
Yigong Zangbo Basin (shown in Figure 1c ). terminus (Gardelle et al., 2011) . Although the interaction between glacier lake and parent glacier 339 has been discussed in previous studies, there is still no direct evidence to reveal how the glacier 340 influences the glacial lake evolution (whether by influencing lake's water budget or controlling the 341 debris-covered ice in the study area. 343
To explore the cause of rapid expansion of debris-contact proglacial lakes in the SETP, we here 344 hypothesize two driving mechanisms, as illustrated in Figure 6 . In the first mechanism 345 (mechanism A), the expansion of lake area is induced by considerable water gains with increasing 346 glacial meltwater outweighing the discharge, which could lead to a large water level rise (Figure  347 6a); in the second mechanism (mechanism B), the lake level remains stable at the inter-annual 348 timescale due to the natural regulation of water discharge via channels or englacial conduits; and 349 the lake area expansion (mostly advancing upstream) is a direct consequence of debris subsidence 350 with the melting and retreat of contacted glacier tongues (Figure 6b) . slope (within 0.5m, measured by ICESat footprints along the lake) is negligible compared to the 368 tens of meters of DEM-derived relief upstream of the lakeshore (see Figure S2 ). Such lake area 369 expansion, i.e., with shoreline advancing considerably towards the upstream glacier terminus, 370 obviously contradicts the observed constant lake levels, unless it parallels with a substantial debris 371 subsidence at the glacier terminus (as illustrated in mechanism B). The better supported 372 mechanism B reveals that the geomorphological alteration in the upstream lake basin induced by 373 glacial thinning and melting likely dominates the increase of direct meltwater inflow in 374 contributing the rapid expansion for these debris-contact proglacial lakes across the SETP. 375
Due to the sparse coverage of ICESat tracks over the study area and small size of glacial lakes, 376 only the selected lake was measured repeatedly. Despite the limited lake level measurements, 13 377 out of 15 debris-contact proglacial lakes have unaltered lateral and down -valley boundaries but 378 have expanded up-valley, which further supports mechanism B. In comparison with debris-contact 379 glacial lakes, the cirque lakes are mostly developed in steep-sided cirques that are unfavorable 380 sites for the limited enlargement of lake extent despite the ice melting. 381
According to the above analysis, expansion of debris-contact proglacial lakes mainly depends on 382 the subsidence of upstream debris with glacier melt and recession. Hence we further examine the 383 subsidence rate of debris-covered glacier termini after 2000 by comparing DEM-measured 384 . This indicates that the debris-covered ice was 388 thinning at much greater rates than debris-free ice at higher altitudes (Figure 7a) . reported that co-existing and newly-formed glacial lakes in the Boshula Mountain contributed ~67% 401 and ~33% to the net area expansion, respectively, and the moraine-dammed lake expansions 402 contributed the majority of total area increase. Besides, the temporal evolution of glacial lakes 403
showed strong spatial heterogeneity, varying with different regions and lake types, which could be 404 tightly associated with the spatially variable glacier changes. Gardelle including cirque lakes and debris-contact proglacial lakes) during 1988-2013 in our study area, or 411 even one fourth of the expansion rate of debris-contacted lakes (2.99 % yr -1 ). In our study area, the 412 27 (~2% of the whole examined lakes in count) debris-contact proglacial lakes account for about 413 54% of total increase in lake area, and exhibit much more active evolution than cirque lakes and 414 non-glacier-contact lakes during 1988-2013. 415
Uncertainties of elevation measurement of glaciers and glacial lakes 416
The investigation of elevation changes of glacial lakes and debris-covered ice depends critically 417 area (excluding the glaciated areas and glacial lakes). As shown in Figure S3 , the strong 436 associations of relative accuracy of DEM data with land surface slope are found, with a mean bias 437 less than 5 m over slopes below 5°. For the selected lake, the mean slope of upstream 438 debris-covered ice is 5.35° ± 1.51°. Thus, compared to the considerable elevation variations of 439 lake-contact debris, the uncertainty of SRTM DEM data is basically acceptable in this study. 440
Summary
441
In this study, we conducted a regional investigation of the spatial distribution and temporal 442 evolution of glacial lakes in the SETP from 1988 to 2013, and explored the potential cause of 443 rapid expansion of debris-contact proglacial lakes. Glacial lakes were extracted using a 444 hierarchical segmentation method, which delineates lake boundaries using different NDWI 445 which contributes 78.07% to the total area increase of our analyzed glacial lakes. Among these 460 co-existing lakes, debris-contact lakes showed a much higher expansion (74.77%) than cirque 461 lakes (7.41%) and non-glacier-contact lakes (2.61%). Most non-glacier-contact lakes remained 462 relatively stable. 463
We further explored the cause of the rapid expansion of debris-contact proglacial lakes by 464 examining the mass balance of parent glaciers and elevation changes of lake surfaces and 465 debris-covered glacier termini of one typical debris-contact lake based on ICESat altimetry and 466 SRTM DEM. Our case study shows that the rapid expansion of debris-contact lake was mainly 467 caused by the altered geomorphometry of upstream lake basin that results from the subsidence of 468 lake-contact debris with glacier melting and thinning. This mechanism was verified by the 469 observed stable lake water levels and evolved lake outline morphometry. It was shown that 470 expansion of these debris-contact lakes primarily occurred towards the upstream direction rather proglacial lake expansion. In mechanism A (a), the lake expansion is hypothesized to be caused by 654 rising water level with the supply by increasing glacial meltwater; in mechanism B (b), the lake 655 level remains relatively stable, and the lake enlargement in the upstream direction is caused by 656 geomorphological alteration of upstream lake basin with debris subsidence due to ice melting and 657 thinning. 658 
